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Abstract 
 
     Synchrotron infrared measurements were conducted over the range 100 to 8000 cm-1 on a self-doped 
LaxMnO3-δ (x~0.8) film.  From these measurements we determined the conductivity, the effective number 
of free carriers, and the specific phonon modes as a function of frequency.  While the metal-insulator 
transition temperature (TMI) and the magnetic ordering temperature (TC) approximately coincide, the free 
carrier density onset occurs at a significantly lower temperature (~45 K below).  This suggests that local 
distortions exist below TMI and TC which trap the eg conduction electrons.  These regions with local 
distortions constitute an insulating phase which persists for temperatures significantly below TMI and TC.  
The initial large drop in resistivity is due to the enhanced magnetic ordering while further drops correspond 
to reductions in the insulating phase which increase the number of free carriers. 
 
 
 
PACS Numbers: 78.20.-e, 72.80.-r, 75.47.Lx, 64.75.St 
       R1-xAxMnO3 (R: trivalent rear-earth ions, A: divalent alkaline-earth ions) has been widely studied due 
to the large magnetoresistance observed [1 2 3 4 5 6].  Divalent cation doping induces a change from Mn3+ 
to Mn4+. The induced holes in the eg level create a mixed valence system.  These materials have also 
attracted much theoretical and fundamental physics interest since they exhibit intimate coupling of spin, 
lattice, orbital, and charge degrees of freedom.  This coupling results in a ground state energy landscape 
with multiple minima corresponding to different charge, spin and structural configurations.  Small external 
perturbations (such as temperature, pressure, substrate strain, magnetic fields, and electric fields) can shift 
the system from one state to another.  A mixed valence on Mn sites can also be induced in the La-deficient 
La1-xMnO3-δ (x>0, δ>0) manganite.  Both ferromagnetic order and metallic conductivity can be obtained [7 
8 9] and the transition temperatures can be adjusted by both the oxygen content and the La deficiency [10 
11]. 
 One of the open questions about these colossal magnetoresistive oxides concerns the transition of the 
system from the high temperature paramagnetic insulating phase to the low temperature conductive 
ferromagnetic phase [12 13]. It is thought that just above the metal to insulator transition, regions of 
metallic phase begin to grow within the insulating host and then dominate at low temperature based on 
structural and optical mode measurements [14 15].  The nature of this mixed phase behavior is still under 
discussion.  While a qualitative model of the structural changes exists, an understanding of the parallel 
changes in spin and free carrier numbers has not been achieved.  Optical experiments are a good way to 
study the phonon modes and electron-phonon coupling in oxides [16].  In addition, information on the free 
carrier concentration can be derived.     
 In this work, we report on a synchrotron infrared spectroscopic study on La0.8MnO3-δ films deposited 
on a LaAlO3 substrate. Reflection measurements were carried out over a broad temperature range including 
the metal-insulator transition region and fits were performed to extract the optical conductivity and free 
electron carrier numbers at each temperature.  
 Self-doped LaxMnO3-δ (x~0.8) films were epitaxially grown on (001) LaAlO3 (LAO) substrates by 
liquid injection metal organic chemical vapor deposition.  The detailed procedure is described elsewhere 
[10].  Here we report the results for a ~120 nm thick film which were also found in a ~410 nm film.  X-ray 
diffraction measurement shows that such thick films have low strain [17].  The in situ post-deposition 
annealing leads indeed to the strain relaxation.  The magnetization was measured between 5 and 400 K 
range under a 0.2 T magnetic field.  The film resistance was measured by a 4-point probe setup in the 
temperature range of 10 to 320 K.  As seen in Fig. 1 the metal-insulator phase transition temperature (282 
K) and the Curie temperature (275.2 K) are quite close and a high magnetization saturation of 3.56 µB/Mn 
is achieved.  The resistivity at low temperature (10 K) has a value of 4.6x10-4 Ωcm, which compares to (5 
K) 2x10-4 Ωcm for La1-xCaxMnO3 (x=0.33) films on a LAO substrate [18].   
 Synchrotron reflectivity spectra were measured at U2A beamline at the National Synchrotron Light 
Source, Brookhaven National Laboratory.  This beamline has a Bruker IFS 66v/S vacuum spectrometer 
equipped with a Bruker IRscope-II microscope, a MCT detector, and a KBr beamsplitter for mid-IR; a 
custom made infrared microscope with long working distant (40 mm) reflecting objective, a 3.5-micron 
mylar beamsplitter and a Si bolometer detector for far-IR.  The infrared frequency range covers 100-8000 
cm-1 and a spectral resolution of 4 cm-1 is applied to all spectra.  A ~0.5 µm thick gold layer was deposited 
on the top of the La0.8MnO3-δ film as a reference mirror for the reflection measurements.  The sample was 
mounted on the cold finger of a continuous flow cryostat and the measurement temperatures were 304 
(Start at 304 K), 282, 275, 265, 255, 245, 225, 200, 150, 125, 100, 80, 50, 20, and 10 K.   
 The reflectivity for the film and the bare substrate are given in Figs. 2(a) and (b), respectively.  Note 
the systematic enhancement of the reflectivity with decreasing temperature.  The LAO substrate is an 
insulator and the small spectra variations at different temperatures can be seen in Fig. 2(b).  In Fig. 2(a), the 
blue lines, which are spectra in the vicinity of TMI and TC (304 K, 282 K, and 275 K) show LAO-like 
resonances in the frequency range 100 to 550 cm-1 and small differences are found in the region above 550 
cm-1.  The reflectivity peak near ~180 cm-1 is close to 1 because of the interference. 
  The reflectivity spectra on an expanded scale (100 to 550 cm-1) are plotted in Fig. 2(c).  As the 
temperature decreases (between 275 K and 200 K), the film resistance drops and the film becomes more 
reflective.  Free carriers screen the substrate, and as a result, the broad peaks at ~200 cm-1 and ~450 cm-1 
become narrow and the reflectivity drops.  This phenomenon could be the direct evidence of incomplete 
conversion to the metallic phase.  Between 150 K and 10 K, the reflectivity increases gradually in the 
whole frequency range except around the peaks at ~200 cm-1 and ~450 cm-1.  A saturation level is 
approached below 200 K. More information can be obtained by examining the details of the spectra.  In the 
reflectivity spectra, phonon modes can be seen as resonances at low frequency.  
 When the penetration depth [19] is of the order of the film thickness, the IR beam can pass through the 
120 nm FM metallic film and reach the substrate particularly at low frequency.  Modeling a one-side 
polished LAO substrate (0.5 mm thick) as a half-infinite plate, the total reflectivity depends on the film 
thickness and the dielectric functions [20].  Using the Drude-Lorentz model [19]:  
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  for both the LAO substrate [20] and the La0.8MnO3-δ film, 
we fit the reflectivity spectra at all temperatures and a fitting spectrum at 10 K are shown in Fig. 3(a). For 
the 10 K fit, 13 components (8 for film and 5 for substrate) were used.  Each component had unique ωoj, Γj 
and ωpj parameters.  From the fit, the resonance frequencies, amplitudes and decay lifetimes can be 
extracted.  The optical conductivity can be obtained from the dielectric function: π
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Temperature dependent optical conductivity spectra as a function of frequency are plotted in Fig. 3 for the 
film (Fig. 3(b)) and the substrate (Fig. 3(c)).  The weight of the Drude components of the film increases as 
the temperature decreases and the peak above 1000 cm-1 which has been assigned to a small polaron [21 22] 
moves toward the low frequency side with decreasing temperature.  In the vicinity of TMI and TC, the 
optical conductivity spectra are similar to each other and the polaron peak shifts are small.  The peak 
maximum shifts from ~5200 cm-1 at 304 K to ~4000 cm-1 at 265 K.  The polaron shifts to the low energy 
side quickly and the spectral weight increases with reduced temperature.  Below 200 K, the reflectivity 
spectra and the optical spectra vary slowly with the temperature.  The Drude free carriers contribution 
dominates the conductivity spectra. Fig. 3(c) shows LAO substrate optical spectra at two different 
temperatures.  The positions do not change significantly with temperature (< 4 cm-1) while the amplitudes 
vary. 
       Photoionization of a polaron system has been shown to exhibit a distinct frequency dependence, which 
depends on the degree of localization of the final electron state [22].  For excitations involving transitions 
between highly localized states (adjacent Mn sites), the absorption profile is quite symmetric.  This 
contrasts with excitations to free-electron like states which produce an absorption curve with a sharp low-
energy rise and a long high-energy tail.  The transitions between localized states are associated with so-
called small polarons.  As can be seen in Fig. 4, the polaron resonance is highly symmetric. 
 In addition, we can calculate the resistivity from the plasma frequency ωp in the Drude model.  The 
zero frequency conductivity, plasma frequency and resistivity are related by:
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= .  The DC resistivity and calculated resistivity (from the zero frequency 
conductivity) are shown together in Fig. 5(a).  The plot shows a good agreement between the two 
independent data sets, indicating that the chosen model is appropriate.  They have a consistent trend and 
show a good agreement for temperatures where the sample is more metallic. 
 Fig. 5(b) and 5(c) display the vibration modes near ~580 cm-1 (in-plane oxygen) and near ~630 cm-1 
[23] as a function of temperature.  We can combine the information obtained from the temperature 
dependence of resistivity and the vibrational modes.  When the temperature is lower than TC, the Jahn-
Teller distortion decreases and the charge carriers are delocalized (as seen in the decrease in the resistivity 
curve).  The distortion persists until the temperature is below ~234 K (Tonset defined as the inflection point 
in Fig. 5(d)).  At lower temperatures, as the distortions are reduced, the oxygen vibrational modes should 
harden in the higher symmetry configuration.  It can be seen in the temperature variation of the vibrational 
frequencies.  These stretching mode shifts are quite close with the observations by Kim [24], Boris [25] and 
Hartinger [26].  
 The effective carrier number density Neff (T, ωc) is proportional to the integrated optical conductivity 
spectral weight.  
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We use a cut-off frequency (ωc) of 5000 cm-1 to calculate the number density and Neff (T) is plotted in Fig. 
5(d).  By examining the cut-off frequency dependence of the shape of Neff [19 27] vs. temperature, we 
found that the onset profile is independent of ωc for cut-off frequencies ranging from 4800 to 32,000 cm-1.   
It can be seen that the onset of saturation in carrier density (~234 K) is significantly below TMI and TC (275 
K).   
 The results suggest a more complex mechanism for the transition to the low temperature phase in 
manganites.  It is consistent with the existence of regions with significant local distortions below TMI and 
TC which trap the eg conduction electrons.  These regions with local distortions constitute an insulating 
phase which persists for temperatures significantly below TMI and TC.  Low spin scattering will lead to the 
observed initial large resistivity drop [28] as a result of magnetic ordering of the t2g spins enabling Mn–Mn 
site hopping [29 30] when reducing temperature below TC.  Further reductions in resistivity are then due to 
reductions in the volume of the minority insulating phase which then increases the number of free carriers.  
The origin of the flattening of the reflectivity spectra at low temperature is due to the increased number of 
free carriers, which limits the penetration depth of the light into the sample. 
 In conclusion, we have explored the temperature dependent infrared reflectivity spectra of LaxMnO3-δ 
120 nm /LAO (x~0.8) system over the range 100 to 8000 cm-1.  A polaron resonance in the mid-infrared 
region is observed.  The conductivity was found to be systematically enhanced at lower temperatures.  
While the metal-insulator transition temperature (TMI) and the magnetic ordering temperature (TC) 
approximately coincide, the free carrier density onset occurs at a significantly lower temperature (~45 K 
below).  These results are consistent with the existence of insulating regions at temperatures significantly 
below the metal insulator and magnetic ordering temperatures. 
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14550. U2A beamline is supported by COMPRES, the Consortium for Materials Properties Research in 
Earth Sciences under NSF Cooperative Agreement EAR01-35554, U.S. Department of Energy (DOE-BES 
and NNSA/CDAC).  Use of the National Synchrotron Light Source, Brookhaven National Laboratory, was 
supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences, under 
Contract No. DE-AC02-98CH10886.  
Figure Captions 
 
 
 
Fig. 1.   Resistivity and magnetization of La0.8MnO3-δ /LAO film. 
 
 
 
 
 
 
 
Fig. 2.   (a) La0.8MnO3-δ /LAO reflectivity spectra at different temperatures: 10, 20, 50, 80, 100, 125, 150 
(purple), 200 (green), 225, 245, 255, 265, 275, 282, 304 K on a logarithmic energy scale. The vertical scale 
corresponds to the 304 K spectrum, and the others are shifted up by 0.1 relative to the previous temperature.  
(b) LAO substrate reflectivity spectra on a logarithmic energy scale. (c) Expansion of curves in (a) over the 
range 100 to 550 cm-1 on a linear energy scale. 
 
 
 
 
 
 
 
 
Fig. 3.   (a)An example fit of La0.8MnO3-δ /LAO reflectivity spectra at 10 K. (b) Real part of the optical 
conductivity spectra of La0.8MnO3-δ at different temperatures (purple and green lines corresponding to 150 
K and 200 K) (b) Real part of the optical conductivity spectra of LAO substrate. 
 
 
 
 
 
 
 
 
Fig. 4.   Real part of the optical conductivity of La0.8MnO3-δ at different temperatures on a linear energy 
scale. 
 
 
 
 
 
 
 
 
 
Fig. 5.   (a) Magnetization, calculated and measured DC resistivity.  (b) In-plane oxygen vibrational mode 
and (c) higher frequency mode.  (d) Effective free carrier number.  
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Fig.2. (Gao et al.)  
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Fig. 4. (Gao et al.) 
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